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In this Letter we demonstrate that the dispersion properties associated with glide symmetry can be achieved
in systems that only possess reflection symmetry by balancing the influence of two sub-lattices. We apply
this approach to a pair of coupled slots cut into an infinite perfectly conducting plane. Each slot is notched
on either edge, with the complete two-slot system having only mirror symmetry. By modifying the relative
size of the notches on either side of the slots, we show that a linear dispersion relation with a degeneracy
with non-zero group velocity at the Brillouin zone boundary can be achieved. These properties, until now,
only found in systems with glide symmetry are numerically and experimentally validated. We also show that
these results can be used for the design of ultra-wideband one-dimensional leaky wave antennas in coplanar
waveguide technology.
Periodic structures that possess a higher symmetry,
such as glide (consisting of a reflection and a transla-
tion) or twist (consisting of a rotation and a translation)
symmetries, are those that are invariant with respect to
a more complex operation than either a reflection or a
translation.1 It was shown by Crepeau et al. and later
by Hessel et al., that systems showing such symmetries
present a dispersion relation that appears to correspond
to an effective unit cell which is half of that defined by
the geometry.2
It was not until recently that this property started be-
ing exploited for metasurfaces, due to the quasi-linear
dispersion relation obtained for systems with higher
symmetries. With this property, metasurfaces showing
low dispersion can be achieved,3–5 meaning that surface
waves supported by these patterned surfaces behave as
if they were propagating in a medium with a constant
refractive index over a broad range of frequencies.
Removing the strong frequency dependence of the be-
haviour of metasurfaces provides a route towards broad-
band surface wave lensing6 or improved leaky wave con-
trol for antennas.7,8 In addition, due to the high ef-
fective refractive index found in glide symmetric struc-
tures, large band-gaps can be achieved between higher
and lower order modes, with important applications for
integrated waveguides.9,10 These high effective indices
are accompanied by degeneracies at the Brillouin zone
boundary which have the potential to create reconfig-
urable band-gap materials. In most studies of glide sym-
metric metasurfaces, the authors made use of two-layer
systems, with each of the layers patterned so that one of
the surfaces is obtained through a glide operation (con-
sisting of a reflection with respect to a plane between
the two layers and a translation of half the unit cell).3,4,9
Only recent work has been reported of the application
of glide symmetry to ultra-thin single-layered metasur-
faces.11
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The possibility of achieving zero bandgaps with non-
zero group velocity at the high symmetry points of the
dispersion relation in metamaterials has attracted much
attention. In leaky wave antennas, broadside radiation
can be achieved for instance by closing the bangap for
zero in-plane momentum.12,13 In the context of topolog-
ical photonics, the study of such bandgap closures has
important implications in the creation of interface states
with large field enhancements.14,15
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FIG. 1. Perspective view of the negligible thickness conduct-
ing plane perforated with a pair of coupled slots with glide-
symmetric notches. The glide-symmetry plane for each of the
slots has been represented by a short-dashed line while the
long-dashed line represents global mirror plane of the system.
In the work presented here, we show that the concept
of glide symmetry can be used to reduce the frequency
dependence of the mode index without the presence of
any higher symmetry. This concept is applied to a pair
of infinitely long coupled slots in an ground plane which
is the simplest two-dimensional system that supports, at
any frequency, the propagation of bound modes.16,17 The
ground plane is here assumed to be perfectly conduct-
2ing and of negligible thickness, common and accurate
assumption at microwave frequencies. Due to the sym-
metry of the waveguide, this two-slot system supports
two families of modes, each of which exhibits either even
or odd parity for the transverse in-plane electric field
component with respect to the symmetry plane of the
configuration. In general, only the odd mode (commonly
known as the coplanar waveguide mode) is used for prop-
agation, which can be readily excited by connecting the
two outer conductors to ground and applying an oscil-
lating signal to the central strip. In contrast, the even
mode, in the presence of a thick dielectric superstrate, is
used for leaky wave applications.18 Both modes lie on the
lightline (representing the dispersion relation of a grazing
plane wave) due to the translational symmetry along the
x-direction.
By the addition of periodic notches to both infinitely
long slots, the momentum of the bound mode can be in-
creased obtaining a pseudo-plasmonic dispersion. These
bound surface modes conventionally have band gaps and
zero group velocity at the Brillouin zone boundary. How-
ever, as shown for multi-layered structures, when ap-
plying a glide operation to metasurfaces that support
pseudo-plasmonic dispersion, one can linearize the dis-
persion and introduce a degeneracy between the two
lowest order modes of the system at the Brillouin zone
boundary, therefore considerably increasing the band-
width of operation.3
In Fig. 1, the doubly-notched slot pair is shown. Each
of the two slots has been patterned by introducing rect-
angular notches in both the inner and outer conductors.
As can be seen, for each of the two infinite slots, for
the case of inner and outer notches of the same size,
each of the two slots presents a glide-symmetric geom-
etry. Then, the second patterned slot can be obtained
through a reflection operation of the first. Although each
of the individual patterned slots presents glide symmetry,
the patterned surface does not exhibit any higher sym-
metry due to the central mirror plane. This allows the
parity of the transverse in-plane electric field component
to be conserved, and therefore the radiative behavior of
the even and odd modes remains unchanged.18 The sep-
aration between even and odd modes introduced by the
mirror symmetry significantly reduces the complexity of
the excitation mechanism, important for practical appli-
cations.
In the following we show that even in the absence of
geometrical glide symmetry, one can design a system to
show the exact same characteristics namely a degener-
acy at the Brillouin zone boundary with non-zero group
velocity that leads to a linear dispersion relation. To do
this, we modify the relative sizes of the inner and outer
notches to balance their dispersion properties. In general,
a band repulsion would occur, forbidding the existence
of a crossing point. In our case, however, the bandgap
closes thanks to the inversion symmetry plane of the sys-
tem parallel to the x and z axes at the centre of the
notches, which allows for the two bands to merge as the-
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FIG. 2. Prediction of the dispersion of both even and odd
modes for different hext, evolving to the effective glide sym-
metry characteristics for the even modes. The top three
boxed figures represent the unit cell geometry for each of
the three dispersion diagrams presented. The bottom left
(right) figure shows the dispersion diagram obtained for the
even (odd) bound modes supported by the coupled slot sys-
tem. The values of the other parameters are hint = 4.5 mm,
wext = wint = 5 mm, s = 10 mm, g = 1 mm and p = 15 mm.
oretically demonstrated for the case of one dimensional
periodically stacked photonic crystals.14 In the absence
of such inversion-symmetry plane, further modelling (us-
ing rectangular triangules as notches) has shown that the
bandgap cannot be closed. However, the linearity of the
dispersion relation for frequencies below the gap can be
greatly improved by minimizing the bandgap.
Fig. 2 shows the modelled dispersion for different
heights of the outer notch, with the height of the inner
notch, hint, kept constant at 4.5 mm (hext/hint ≈ 0.62).
It can be seen that the band-gap present at the first Bril-
louin zone boundary for both even and odd modes can be
tuned by the size of the outer notch. Moreover, for the
even mode, the band-gap can be closed for hext = 2.8 mm
with the two degenerate modes presenting non-zero group
velocity at the Brillouin zone boundary. The linear dis-
persion (for the even modes) is apparent: compare the
solid blue line (associated to the effective glide symme-
try) to the red dash-dotted line (non symmetric case).
This case corresponds to a nearly constant mode index
of 1.2 for frequencies up to 9 GHz. It can also be seen
from the green dashed curve that even when the effects
introduced by the two sub-lattices are not exactly bal-
anced, an important improvement in the linearity of the
dispersion may be obtained. In contrast, for the odd
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FIG. 3. Dispersion diagrams modelled for both even and
odd modes for different hext, evolving to the effective glide
symmetry characteristics for the odd modes. The top three
boxed figures represent the unit cell geometry for each of
the three dispersion diagrams presented. The bottom left
(right) figure shows the dispersion diagram obtained for the
even (odd) bound modes supported by the coupled slot sys-
tem. The values of the other parameters are hint = 4.5 mm,
wext = wint = 5 mm, s = 10 mm, g = 1 mm and p = 15 mm.
modes, the lowest order mode is not significantly affected,
due to the bigger energy gap between the two lowest or-
der modes, although some linearization of the dispersion
with respect to the single notched system is found far
from the Brillouin zone boundary. Following the same
procedure, the band-gap at the Brillouin zone boundary
may also be removed for the odd modes. Due to the low-
est order odd mode crossing the Brillouin zone boundary
at a lower frequency, the closure of the band-gap for the
odd modes is achieved for larger values of hext than in
the previous case. In Fig. 3, it can be seen that this oc-
curs for hext = 7.1 mm, for which a very linear dispersion
is obtained due to the non-zero group velocity obtained
at the Brillouin zone boundary (where the modes are
degenerate). In the case of the odd mode, the ratio be-
tween sizes that mimics the glide-symmetric behaviour is
hext/hint ≈ 1.6, which is close to the inverse of that ob-
tained for the effective glide symmetry case for the even
mode.
To validate the results obtained from commercial soft-
ware,19 experimental measurements have been under-
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FIG. 4. Experimental and modelled dispersion diagrams for
both even and odd modes of the coupled slot system. The col-
ormap background represents the Fourier amplitude obtained
from the fast Fourier transform of the measured field distribu-
tion and the superimposed white dashed lines represent the
modelled dispersion relation. The values of the parameters
are hext = 7.1 mm, hint = 4.5 mm, wext = wint = 5 mm,
s = 10 mm, g = 1 mm and p = 15 mm.
taken for the case of a structure having zero band-gap
in the odd mode (solid blue line in Fig. 3). The sam-
ple was manufactured using a print and etch technique
applied to a 17µm thick copper layer on a 23µm thick
plastic substrate with a relative dielectric permeability
of 2.8. The even and odd modes of the system were ex-
cited in two different experiments, and in each the field
distribution was measured by scanning the surface with
a modified coaxial antenna in the near field. By using a
Fast Fourier Transform algorithm to transform the spa-
tial dependence of the measured fields into the recipro-
cal space, the experimental dispersion diagrams of Fig. 4
have been obtained for both even and odd modes.20 Ad-
ditionally, the simulated eigenmode solutions have been
plotted for comparison purposes showing a good agree-
ment. The effective mode index of 2.2 is nearly constant
up to 6 GHz.
The experimental and simulated in-plane electric field
distributions have been plotted in Figs 5 and 6 for the
even and odd modes respectively. To obtain these, the in-
plane field component was extracted from the measure-
ment of a coaxial cable terminated with a pair of parallel
wires, which captured the contribution from both the in-
plane and out-of-plane components. This extraction was
possible due to the different parity of the two electric field
components with respect to the centre of the structure.
Although not easily noticeable in the experimental dis-
persion diagram for the even mode, the existence of the
second mode is proven by the measured field distribution
at 8.5 GHz in Fig. 5. Note that the effective in-plane
wavelength measured for the two modes matches that of
the simulated structure.
Finally, we show that by taking advantage of the lin-
4Simulated
Measured
FIG. 5. Experimental and modelled y component of the
electric field distribution along four and a half consecutive
unit cells when exciting the even mode at 8.5 GHz. The val-
ues of the parameters are hext = 4.5 mm, hint = 4.5 mm,
wext = wint = 5 mm, s = 10 mm, g = 1 mm and p = 15 mm.
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FIG. 6. Experimental and modelled y component of the
electric field distribution along four and a half consecutive
unit cells when exciting the odd mode at 4 GHz. The val-
ues of the parameters are hext = 4.5 mm, hint = 4.5 mm,
wext = wint = 5 mm, s = 10 mm, g = 1 mm and p = 15 mm.
earized dispersion achieved before, one can design a one-
dimensional ultra-wideband leaky wave antenna. It is
known that, in the presence of a dense material, the
evanescent fields of the bound modes can be turned
into propagative.21 In general, the leakage will produce
a beam centered at an elevation angle given by γ =
arccos (k1/k
d
o) where k1 is the momentum of the bound
mode (which by adding a thin air-gap can be approxi-
mated as that in the absence of dielectrics) and kdo is the
wavenumber in the denser medium.8 In Fig. 7, we com-
pare the elevation angle found for the case of zero and
non-zero bandgap at the Brillouin zone boundary for the
even mode. We find that in the case of zero-bandgap,
the linearization of the dispersion allows for a nearly-
constant elevation angle in a very large frequency band
from DC up to 8 GHz. In contrast, the dispersive mode
index found in the unbalanced case produces much larger
changes in the elevation angle leading to a frequency de-
pendent radiation pattern which is not desirable for prac-
tical applications.
FIG. 7. Comparison of the frequency dependence of the ele-
vation angle in the presence of a dielectric half-space of r = 5
for the cases of zero and non-zero bandgap in the even mode
dispersion. The thick lines have been obtained from the dis-
persion relation in the absence of dielectrics and the crosses
from full-wave simulations of the antenna. The values of the
geometrical parameters are hext = 4.5 mm, hint = 4.5 mm,
wext = wint = 5 mm, s = 10 mm, g = 1 mm, ga = 30 mm and
p = 15 mm.
In conclusion, we have shown that the family of struc-
tures that benefit from the use of higher symmetries can
be extended to systems that present lower symmetries.
Particularly in the case of a pair of coupled slots, the
width of each infinitely long slot has been modulated
in a glide symmetric fashion by introducing notches in
both inner and outer conductors. However, due to the
mirror symmetry imposed in the transmission line that
allows the separation between even and odd modes, the
two slot system does not possess glide symmetry. We
have shown that by introducing an asymmetry between
the sizes of the outer and inner notches, one can vastly
improve the linearity of the dispersion relation of the sur-
face modes supported by the coupled slots thanks to the
introduction of a degeneracy with non-zero group veloc-
ity at the Brillouin zone boundary. This is in agreement
with the previously reported behaviour of glide symmet-
ric designs, obtaining an effective glide symmetry in a
geometry that does not possess any higher symmetry.
These results have been applied to the design of a ultra-
wideband leaky-wave antenna that takes advantage of
the widely used coplanar waveguide technology, largely
reducing the complexity of the ‘feed’ necessary for previ-
ous multi-layered glide symmetric metasurfaces.
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